Introduction
Breast cancer is a heterogeneous malignancy, and better understanding of its heterogeneity is essential for personalized care. [1] [2] [3] Over the past two decades,
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chen et al classification of breast cancer based on key molecules and/or gene profiles has improved our understanding of the heterogeneity of this disease and revolutionized treatment concepts, resulting in improved survival and quality of life 1,3-5 ( Figure 1 ). A typical example is the ever increasing understanding of the molecular-based classification of breast cancer according to three common key molecules, including human epidermal growth factor receptor 2 (EGFR2, also known as HER2), the estrogen receptor, and the progesterone receptor. 1 Identification of distinct biological subtypes of breast cancer according to three key molecules, ie, the HER2 and hormone (estrogen and progesterone) receptors, has become increasingly important for selection of specific treatment strategies, prediction of prognosis, and monitoring of the disease course in clinical practice. 1 Nevertheless, molecularbased subtype classification of breast cancer using these three molecules alone is insufficient to reflect the complex biological characteristics of the disease or meet the need for personalized care. 1, [6] [7] [8] [9] For example, about one third of hormone receptor-positive patients benefit little from endocrine therapy according to current criteria. 1, 5, 10 Further, some hormone receptor-positive patients with a potentially better prognosis are subjected to intensive chemotherapy but suffer from toxicity (overtreatment), while other patients at high risk of recurrence receive inadequate treatment, leading to compromised efficacy (undertreatment). Another convincing example is the limited utility of the current criteria in guiding molecular-targeted HER2 therapy. Nearly half of patients identified as HER2-positive do not respond to targeted trastuzumab injection (Herceptin ® ) therapy alone, 1, 8 while some patients in the nearly 80% of patients with breast cancer defined as HER2-negative might benefit from targeted therapy but cannot be identified by current methods. Moreover, the appropriate dosing and optimal schedule of conventional combination HER2 and hormone receptor therapy and other targeted agents need to be comprehensively investigated.
These observations indicate that more molecular information is needed to maximize the benefit from treatment. 3, 8 This requires establishing a new approach with a more rational, comprehensive breast cancer classification system based on the three key molecules to understand further the heterogeneity of the disease in individual patients. 1 Two aspects should be considered in this new prediction system. One is to develop a accurate classification by improving the methodology and/or algorithm for the three key molecules, 10 as demonstrated in our recent series of studies [11] [12] [13] [14] using Advancement of breast cancer classification. Accurate classification is essential for personalized care of breast cancer. The traditional classification method is the TNM staging system, which is important but not sufficient in the era of personalized care for breast cancer. With the development of biotechnology and gene analysis, the profiles of some key molecules have been identified and taken into the breast cancer classification system, resulting in revolutionized treatment of the disease. Other molecules in cancer cells as well as in the tumor microenvironment should be evaluated and integrated to understand further the biological behavior of breast cancer and improve the molecular-based classification by new approaches like quantum dot-based nanotechnology. In the future care of breast cancer, each patient with the disease would have personalized care based on combination of a molecular-based classification and the TNM classification. Abbreviations: AR, androgen receptor; EGFR, epidermal growth factor receptor; ER, estrogen receptor; MMP-9, matrix metallopeptidase 9; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2.
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Translational breast cancer research using QD-based nanotechnology quantum dot (QD)-based nanotechnology with highly sensitive, quantitative, and real-time molecular imaging in situ for quantitative analysis of HER2 and the hormone receptors. Our results have shown that incorporation of quantitative determination of HER2 and hormone receptors, along with a holistic approach for assessing HER2 status by integrating quantitative HER2 determination and tumor size (total HER2 load), could reveal the heterogeneity of breast cancer and identify five subtypes with different 5-year prognoses. Moreover, five molecular subtypes based on quantitative information from simple HER2 and hormone (estrogen and progesterone) receptor status could be as informative as multigene analysis, which in turn might be helpful for formulating more personalized comprehensive therapeutic strategies and prediction of breast cancer prognosis, but the intrinsic mechanisms involved should be evaluated further. The other aspect is to explore complementary molecules and/or genes and incorporate them into the current classification system. Gene signature assays are usually considered to be the gold standard, but the expense and technical complexities involved limit their routine clinical use. Further, classification of breast cancer according to certain key molecules could be as informative as multigene analysis according to a recent report 15 and our own previous work. 14, 16, 17 Therefore, the most convenient and cost-effective method is to incorporate other key complementary molecules into the current classification. 1, 18, 19 In our previous studies, we had identified two additional molecules, ie, Ki67 and the epidermal growth factor receptor 1 (HER1) that can help to predict the prognosis. 20, 21 However, whether these molecules have a predictive value additional to that of HER2 and the hormone receptors needs further evaluation. This study assessed the quantitative relationship between HER2 and the hormone receptors and explored the added prognostic value of Ki67, EGFR, the androgen receptor, and p53.
Materials and methods
Patients and materials
Formalin-f ixed, paraff in-embedded specimens from 240 patients with invasive breast cancer were collected from Hubei Cancer Hospital, People's Republic of China, between January 2002 and December 2006. Information on type of surgery and adjuvant treatment (chemotherapy, radiotherapy, endocrine therapy) was obtained from the medical records of each patient. HER2-positive patients did not receive molecular targeted therapy. The major pathological parameters for these patients have been reported elsewhere. [11] [12] [13] [14] 20 Detection of her2, egFr, and hormone receptor status by QD nanotechnology Tissue microarrays from the breast cancer specimens were constructed using standard procedures as previously described. 13, 14, 20 The antibodies, QD-conjugated streptavidin probes with an emission wavelength of 605 nm, and related reagents for detection of HER2, EGFR, and estrogen and progesterone receptor status were the same as before, with use of the following major procedures: deparaffinizing → antigen retrieval → blocking → primary antibody → washing and blocking → biotinylated IgG → washing and blocking → 605-QD-conjugated streptavidin probes → washing → mounting and detection. QD fluorescence signal information on these key molecules was acquired and analyzed using a fluorescence microscope (Olympus BX51 fluorescence microscope, Olympus Optical Co, Ltd, Tokyo, Japan) and multispectral imaging systems (Cambridge Research and Instrumentation, Inc., Woburn, MA, USA) as previously described. 13, 14 Quantitative determination of hormone receptor, HER2, and EGFR status in the 240 invasive breast cancer tissue microarray specimens was performed previously using QD nanotechnology. Two breast cancer subtypes, ie, high total HER2 load (HTH2) and low total HER2 load (LTH2), were identified by quantitative analysis of HER2, and three breast cancer subtypes, ie, high hormone receptor (HHR), low hormone receptor (LHR), and no hormone receptor (NHR), were identified by quantitative analysis of hormone receptors using QD nanotechnology. Therefore, the patients could be divided into five breast cancer subtypes by HER2 and hormone receptor status (HHR, LHR-LTH2, LHR-HTH2, NHR-LTH2, and NHR-HTH2).
13,14
Detection of Ki67, androgen receptor, and p53 status by immunohistochemistry Ki67 (purified anti-MKI67 mouse monoclonal antibody; clone 3D11, 1:100 dilution; Beijing ZSGB-BIO, Beijing, People's Republic of China), the androgen receptor (mouse anti-human monoclonal antibodies against androgen receptor; clone AR27, 1:150 dilution; Beijing ZSGB-BIO), and p53 (purified TP53 mouse monoclonal antibody; clone 3G9; 1:100 dilution; Beijing ZSGB-BIO) were determined by conventional immunohistochemistry (IHC) methods, with the following major procedures: deparaffinizing → antigen retrieval → blocking → primary antibody (phosphatebuffered saline for control group) → washing → blocking → biotinylated secondary antibody → washing → blocking → DAB → washing → mounting and observation.
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Images of expression of these molecules on IHC were captured and evaluated using an Olympus BX51 fluorescence microscope equipped with an Olympus DP72 camera (Olympus Optical Co, Ltd, Tokyo, Japan, Figure 3 ).
statistical analysis
Because all the quantitative variables for HER2 and the hormone receptors were non-normally distributed, comparisons of values in the different subtype groups were done using the Mann-Whitney U test or Kruskal-Wallis H test, and correlations were calculated using the Spearman's rho test. The chi-square test was used to compare the positivity rates for molecules between the subtype groups. Five-year disease-free survival was the primary endpoint, and was analyzed using the Kaplan-Meier and log-rank tests. A multivariate Cox proportional hazards regression model was used to analyze the independent prognostic factors. Statistical analyses were performed using SPSS version 13 software (SPSS Inc., Chicago, IL, USA), and a two-tailed P,0.05 was considered to be statistically significant.
Results
Correlation between HER2, estrogen, and progesterone receptors by QD nanotechnology
Our previous work demonstrated a negative correlation between HER2 and the estrogen receptor. 12 The present study shows a significant negative correlation between HER2 and the estrogen and progesterone receptors (Spearman's rho, P,0.001; HER2 versus estrogen receptor, r=−0.324; HER2 versus progesterone receptor, r=−0.268) and a significant positive correlation between the estrogen and progesterone receptors (P,0.001, r=0.588). Further analysis showed similar correlations between the three molecules in hormone receptor-positive patients, but correlations between HER2 and the estrogen receptor and between the estrogen receptor and the progesterone receptor became less significant (HER2 versus the estrogen receptor, P=0.014, r=−0.184; the estrogen receptor versus the progesterone receptor, P,0.001, r=0.324), and the correlation between HER2 and the progesterone receptor was not statistically significant (P=0.151). In contrast, correlations between the three molecules were more significant (HER2 versus estrogen receptor, r=−0.433; HER2 versus progesterone receptor, r=−0.276; estrogen receptor versus the progesterone receptor, r=0.621) in the HTH2 group identified in a previous study. 13 It should be noted that the estrogen receptor and the progesterone receptor showed a significant negative correlation (P,0.001, r=−0.618) in the HHR group identified earlier. 14 To study the correlations between the three molecules further, we compared differences in hormone receptor expression between the three subgroups based on total HER2 load (TH2) in our previous study 13 ( Figures 2 and 3) . The results showed significant differences in hormone receptor expression between the three groups (P,0.0001). Further analysis showed that the difference in estrogen receptor expression between the groups was statistically significant (Figure 2A) . In contrast, with the exception of a difference in progesterone receptor expression between HTH2 -/chromogenic in situ hybridization (CISH)-and LHT2 groups (P=0.069), progesterone receptor expression between the other subgroups was also statistically significant ( Figure 2B ). Likewise, we also compared differences in TH2 expression between the three subgroups based on hormone receptor status 14 ( Figure 2C and D). The results showed significant differences in TH2 between the three groups (P,0.0001), and further analysis showed that other than the groups between HHR and LHR (P=0.059), the differences between the other two groups (HHR vs NHR; LHR vs NHR) achieved statistical significance (P,0.001).
Ki67, p53, EGFR, and androgen receptor expression by quantitative HER2 and hormone receptor analysis
We then investigated androgen receptor and p53 expression by IHC in our 240 breast cancer patients (Figure 3 ). Androgen receptor expression was successfully determined in 229 cases, and the positivity rate was 46.3% (106/229) in all patients, 53.2% (91/171) in hormone receptor-positive patients, and 25.9% (15/58) in hormone receptor-negative patients (P,0.001). The positivity rate was 43.8% (28/64) in HTH2 patients and 47.3% (78/165) in LTH2 patients (P=0.631). Similarly, p53 expression was successfully determined in 228 cases, and the positivity rate was 57.0% (130/228) in all patients, 55.6% (94/169) in hormone receptor-positive patients, and 61.0% (36/59) in hormone receptor-negative patients (P=0.471). The positivity rate was 67.7% (44/65) in HTH2 patients and 52.8% (86/163) in LTH2 patients (P=0.04). In our previous studies, 20, 21 we also detected EGFR expression by QD nanotechnology and Ki67 by IHC (Figure 3) , as well as expression of the androgen receptor, p53, EGFR, and Ki67, among the five breast cancer subtypes by TH2 and hormone receptors, as listed in Table 1 . The results show that other than the androgen receptor, differences in expression of p53, EGFR, and Ki67 between the five subtypes did not achieve statistical significance (P.0.05). Notably, the highest positivity rates for EGFR and Ki67 were in the NHR-LTH2 group, the highest positivity rate for the androgen receptor
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Translational breast cancer research using QD-based nanotechnology was in the HHR group (P,0.05 with other groups), and the lowest rate was in the NHR-LTH2 group (P,0.05 with other groups).
Additional prognostic value of p53 Ki67, EGFR, and the androgen receptor
The 5-year disease-free survival rates in the androgen receptor-positive and androgen receptor-negative groups were 63.2% (39/106) and 60.2% (49/123), respectively (Kaplan-Meier analysis, log-rank test, P=0.511). Likewise, 5-year disease-free survival rates in the p53-positive and p53-negative subgroups were 60.0% (52/130) and 65.3% (34/98), respectively (P=0.288). Further analysis showed that the 5-year disease-free survival rates between the androgen receptor-positive group and androgen receptornegative group and between the p53-positive group and p53-negative group were not significantly different in the hormone receptor-positive or hormone receptor-negative subgroups (P.0.05). In our previous study, 20, 21 we confirmed the ability of EGFR and Ki67 to predict 5-year disease-free survival using univariate survival analysis, so we added these two molecules for further multivariate analysis. The results (Table 2) show that the significance of the subtypes by combination of TH2 and hormone receptor status are similar to previous findings, 14 especially for the predictive subtypes of LHR-HTH2 and NHR-HTH2, but EGFR and Ki67 were not. Further analysis showed that EGFR expression was predictive of 5-year disease-free survival in both hormone receptor-positive and lymph node-positive patients (Table 3) .
Discussion
Molecular classification is playing an increasingly important role in the personalized care of breast cancer, and three key molecules, ie, HER2, the estrogen receptor, and the progesterone receptor, have been evaluated in routine clinical practice. 1, 5, 18, 22 However, the biological significance and internal interactions of these three molecules should be investigated further to determine their heterogeneity and guide treatment in the complexities of the clinical setting, which is one of the key issues for personalized care of breast cancer. 1, 3, 14, 23 In this study, we investigated these relationships based on quantitative determination of HER2 and hormone receptor status by QD nanotechnology, and found them to be consistent with our own previous results 12 and other reports. 1, 9 In addition, expression of the three molecules according to the different subtypes identified by TH2 and hormone receptor status previously, 13, 14 indeed achieved statistical significance, suggesting intrinsic interactions between the HER2, estrogen, and progesterone receptors evaluated by our new approach. Moreover, the relationships between the three molecules displayed different patterns on further subtype analysis, being weak in hormone receptor-positive patients and strong in HTH2 patients. Of note, the estrogen receptor and progesterone receptor even showed an inverse correlation in HHR patients, suggesting potential biological behavior in this subtype with simple endocrine therapy or less intensive chemotherapy regimens as supported by other clinical studies. 1, 10 An increasing number of studies have demonstrated that the current breast cancer classification based merely on Notes: For Ki67, .13% tumor cell nuclei staining was defined as positive; for AR and p53, .10% tumor cell nuclei staining was defined as positive; *AR status could not be obtained for 11 patients; **p53 status could not be obtained for 12 patients. Abbreviations: AR, androgen receptor; EGFR, epidermal growth factor receptor; HHR, high hormone receptor expression; LHR, low hormone receptor expression; NHR, negative hormone receptor expression; HTH2, high total HER2 load; LTH2, low total HER2 load. 
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Translational breast cancer research using QD-based nanotechnology HER2 and hormone receptor status cannot provide enough information for clinical practice (Figure 1 ). In this molecular era of personalized medicine, other biomarkers, such as the androgen receptor, P53, Ki67 and EGFR, might provide additional information and/or deeper insights into clinical care for breast cancer. 1, 18, [24] [25] [26] [27] In our previous studies, 20, 21 we evaluated the value of EGFR and Ki67, which could have potential prognostic value in breast cancer, but the additional value of these two molecules in relation to HER2 and the hormone receptors should be further investigated. Therefore, in a subsequent study, EGFR and Ki67, as well as the androgen receptor and p53, were selected to assess their additional value for prediction of 5-year disease-free survival.
Like the estrogen and progesterone receptors, the androgen receptor is a steroid hormone receptor and has been found to be expressed in approximately 58.1%-78.7% of breast cancers, suggesting potential prognostic value and the possibility of specific treatment protocols for patients with certain subtypes of breast cancer. 24, [28] [29] [30] [31] [32] [33] [34] Therefore, the androgen receptor is potentially an important molecule in the clinical care of breast cancer. In this study, androgen receptor positivity rates were significantly different in the subtype groups, ranging from 76.3% in the HHR group to 14.8% in the NHR-LTH2 group, indicating that the androgen receptor plays different roles in these different subtypes and necessitates diverse androgen receptor-targeted therapy. [28] [29] [30] [31] [32] [33] [34] For example, androgen receptor signaling might be one of the major mechanisms involved in stimulating the action of hormone receptors, or vice versa. Androgen receptor-targeted therapy in addition to endocrine therapy might be a sensible approach for this group. Several studies have also suggested that the androgen receptor might be a good predictor of survival in patients with breast cancer. 30, 31, 33 In this study, 5-year disease-free survival in androgen receptor-positive patients was better than that in androgen receptor-negative patients, but the difference did not achieve statistical significance in univariate survival analysis.
p53, a tumor suppressor protein, is similarly important for the personalized care of patients with breast cancer, 25, [35] [36] [37] including for prediction of prognosis, response to chemotherapy and endocrine therapy, and selection of appropriate treatment strategies. In this study, the p53 positivity rate was more than 50% in the NHR-LTH2 group, so p53 might be an effective target for this aggressive breast cancer subtype, as suggested elsewhere. 25 However, p53 had no statistically significant ability to predict 5-year disease-free survival in all patients or in hormone receptor-positive patients. Therefore, the value of the androgen receptor and p53 for prediction of the prognosis in patients with breast cancer remains controversial in this study, possibly due to the small number of patients, short duration of follow-up, and composition of the different subtypes. Further evaluations are needed in this regard.
We evaluated the additional prognostic value of Ki67 and EGFR by multivariate analysis. Ki67, a key molecule associated with tumor cell proliferation, has recently emerged as a prognostic indicator and a guide to treatment selection, and has become an integral part of clinicopathological practice in the treatment of breast cancer. 1, 18, 21, 27, 38 In this study, Ki67 was a prognostic indicator in univariate analysis, but was not predictive in multivariate analysis, either in patients with hormone receptor-positive breast cancer or in those with lymph EGFR, a key molecule in the EGF receptor family, has an important role in the development and progression of breast cancer. 41, 42 Moreover, it may be an excellent therapeutic target, as has been increasingly reported in recent years, especially with regard to lapatinib, an agent targeted to HER2 and HER1. 23, [41] [42] [43] In this study, EGFR had prognostic value in univariate analysis and in the hormone receptor-positive and lymph node-positive subgroups in multivariate analysis, indicating additional value for prediction of 5-year disease free survival. These results might have some implications for clinical practice. In hormone receptor-positive patients, lower hormone receptor levels may contribute to the less favorable response to trastuzumab seen in HER2-positive patients, which has been one of the key issues to be resolved in targeted therapy. In our study, more than 45% patients in the LHR-HTH2 and LHR-LTH2 groups had overexpression of EGFR, and these patients might achieve additional benefit from therapy targeted to EGFR, as suggested by others. 23, [41] [42] [43] [44] In lymph node-positive patients, those with HTH2 might derive the most benefit from EGFR-targeted therapy.
We acknowledge some limitations to our study. First, the results should be evaluated further in a larger multicenter breast cancer patient population with long-term follow-up. Second, the intrinsic molecular mechanisms involved merit further exploration. Further, the relationships and additional values of these molecules expressed on tumor cells with other molecules expressed in the tumor microenvironment (displays dynamic interactions with tumor for continued tumor growth and progression) should be further investigated. Recently, we have undertaken a comprehensive molecular characterization in the tumor microenvironment 45 and studied the complex dynamic interactions between tumor tissue and the microenvironment using QD-based multicolor imaging, 46, 47 providing new perspectives in understanding the biological behavior of tumors and potentially enabling more accurate tumor assessment for personalized decisionmaking. Therefore, the relationships between molecules and intrinsic mechanisms in tumor cells (like HER2, the estrogen and progesterone receptors, and EGFR) and in the tumor microenvironment (eg, the proteolytic enzyme matrix metallopeptidase 9, type IV collagen, and chemokine ligand 5) will be evaluated further in future research (Figure 1 ).
In summary, we have evaluated further the correlations between quantitative HER2 and the hormone receptors using QD nanotechnology and the additional prognostic value of four further key molecules (the androgen receptor, p53, EGFR, and Ki67). Significant expression of the estrogen and progesterone receptors was indeed one of the molecular profiles in the subtypes identified by quantitative HER2, and vice versa, and further demonstrates the value of quantitative evaluation of HER2 and hormone receptor expression for subtype classification and potential selection of a treatment strategy. Further, quantitative analysis of EGFR by QD nanotechnology could provide discriminative information in addition to HER2 and the hormone receptors, and could be integrated into routine practice to enable more specific prediction of prognosis and appropriate personalized treatment.
